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ABSTRACT
Stars are commonly formed in binary systems, which provide a natural laboratory for studying planet formation in
extreme conditions. In our first paper (Paper I) of a series (Xie et al. 2011), we have shown that the intermediate
stage − from planetesimals to planetary embryos/cores − of planet formation can proceed even in highly inclined
binaries. Following Paper I, here we numerically study the late stage of terrestrial planet formation, i.e., from embryos
to full planets, in binary systems of various orbital configurations. We identify an orbital alignment or anti-alignment
effect; namely, although an inclined binary generally misaligns the planetary orbits with respect to the spin axis of the
primary host star (i.e., causing large obliquity), it could align or anti-align the planetary orbits with respect to the
binary orbit. Such an orbital (anti-) alignment effect is caused by the combination of orbital differential precession
and self-damping, and it is mostly significant in cases of intermediate binary separations, i.e., aB ∼ 40 − 200 AU for
terrestrial planet formation around 1 AU from the primary stars. In such intermediate separation binaries, somewhat
contrary to intuition, the binary companion can aid planet growth by having increased the rate of collisions, forming
significantly more massive but fewer planets. In the other two ends, the companion is ether too close thus plays a
violently disruptive role or too wide to have significant effect on planet formation. Future observations, which can
discover more planet-bearing binary star systems and constrain their masses and 3-D orbital motions will test our
numerical findings.
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1. INTRODUCTION
Hitherto, over 3500 exoplanets have been discovered
and they are found to be very common around stars
(Mayor et al. 2011; Howard et al. 2012). Combining with
another well established view, i.e., most stars were born
in binaries (Duquennoy & Mayor 1991; Raghavan et al.
2010), it is clear that one should be always aware of po-
tential binary effects on planet formation. In fact, study-
ing planet formation in binaries is crucial as it provides
various extreme conditions for testing planet formation
models (Haghighipour 2010; Thebault & Haghighipour
2014).
Planets in binaries are generally found in two configu-
rations. One is called P type, where all the planets orbit
two host stars (i.e., the host itself is a close binary, e.g.,
Kepler 16 (Doyle et al. 2011)) . The other is called S
type, where all the planets orbit one of the binary stars
and the other star orbits the planets-host system as a
companion, e.g., γ Cephei AB (Hatzes et al. 2003). Over
100 planets have been confirmed in binary star systems
(see the catalog of planets in binaries1), and most of
them are classified as S type, which is the focus of this
paper.
For planet formation in binary systems, one crucial
parameter is the binary separation (Desidera & Barbi-
eri 2007). Close binaries (orbital semimajor axis aB <
30 − 40 AU) can truncate the protoplanetary disk and
severely reduce the mass of the planet forming materi-
als (Artymowicz & Lubow 1994). Furthermore, binary
perturbations can pump up the orbital eccentricities of
the planetesimals in the disk, which cause large colli-
sion velocities and thus inhibit the planetesimals from
growing into planetary embryos (The´bault et al. 2006).
Although observations have revealed evidence of plan-
ets being suppressed in close binaries (Wang et al. 2014;
Kraus et al. 2016), there are still a number of plan-
ets found in close binary systems with aB ∼ 20 AU
(e.g., γ Cephei AB (Hatzes et al. 2003), α Cen AB (Du-
musque et al. 2012)). Many works have been stimulated
to understand how planets were formed in such close
binaries, especially the intermediate process, i.e., from
planetesimals to planetary embryos (Haghighipour 2006;
Haghighipour & Raymond 2007; Kley & Nelson 2008;
The´bault et al. 2008, 2009; Thebault 2011; Xie & Zhou
2008, 2009; Xie et al. 2010; Zsom et al. 2011; Rafikov &
Silsbee 2015).
On the other hand, for binaries with larger separa-
tions, one does not expect there to be significant align-
ment between the proto-planetary disk and binary or-
1 http://www.univie.ac.at/adg/schwarz/bincat binary star.html
bital plane if aB > 30 − 40 AU (Hale 1994; Jensen et
al. 2004; Monin et al. 2006, 2007). The evolution of
an inclined gaseous disk in a binary system is uncer-
tain due to various uncertainties both in the physics
of disk-star interaction and in the parameters of disk
properties. In some conditions, planetary disk could be
warped or even disrupted (Larwood et al. 1996; Frag-
ner & Nelson 2010; Fragner et al. 2011). In some con-
ditions, the disk could undergo global damped Koza-
iLidov oscillations (Martin et al. 2014; Fu et al. 2015).
Dissipations (e.g., viscous dissipation) could damp the
disk inclination towards disk-binary alignment (Lubow
& Ogilvie 2000; Bate et al. 2000). Recently, Zanazzi &
Lai (2017b) found that such an alignment is effective for
sufficiently cold disks (small scale height) with strong
external torques but ineffective for the majority of star-
disk-binary systems. Indeed, many misaligned binary
disks, e.g, HK Tau (Jensen & Akeson 2014) have been
found in recent years (Williams et al. 2014; Brinch et al.
2016; Ferna´ndez-Lo´pez et al. 2017; Lee et al. 2017).
Adopting a highly misaligned binary-disk configura-
tion as the initial condition of planet formation, Marzari
et al. (2009) and Xie et al. (2011) (Paper I hereafter) in-
vestigated the intermediate process of planet formation,
i.e., from planetesimal to planetary embryos. As found
in Paper I, planetesimals could jump inward and pile
up within a few AU from the primary star. In such an
inner dense region, the perturbations from the binary
stars are largely compensated by the damping of gas in
the disk, thus providing conditions that are favorable
for planetesimals growing up into planetary embryos.
In this paper, following paper I, we numerically inves-
tigate how these embryos could further grow up to full
planets and how their final architectures depend on bi-
nary orbits. We note a previous study by Quintana et
al. (2002) investigated the process from embryos to full
planets in highly inclined binaries but with the binary
separation being fixed at ∼ 20 AU as the Alpha Cen-
tauri AB system. Another previous work by Quintana
et al. (2007) investigated the embryo growing process
in binaries of various separations, but it was restricted
in coplanar cases. More recently, during the revision of
this paper, Zanazzi & Lai (2017a) investigated how the
formation a gas giant planet could affect the final plane-
tary orbital configuration in an initially inclined binary
system. Here, we extend Quintana et al. (2002) to
a larger range of binary separations. As we show be-
low, the binary separation is crucial, and various binary
separations lead to diverse planetary architectures. Of
particular interest is that we identify an orbital align-
ment effect in intermediately separated binaries.
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This paper is organized as follows. In section 2, we
describe our simulation method, including the initial set-
up of the embryos and the binary stars. The results are
presented in section 3. The implications of the results
are discussed and summarized in section 4.
!
!
!
Figure 1. Initial setup (top) and final state (bottom) of a
typical simulation with aB = 80 AU, iB = 60
◦. The orbits
of planetary embryos (denoted with the cyan spheres) were
initially aligned with respect to the spin of the primary (de-
noted with the red sphere) but finally aligned with respect
to the binary orbit (not shown). The green arrows denote
the normal lines of the primary spin plane (Lspin) and of
the binary orbital plane (Lbinary), respectively. These plots
are two snapshots of an animation, which is available in the
electronic version of the paper.
2. METHOD
In this paper, we numerically investigate the late stage
(i.e., from embryos to full planets) of terrestrial planet
formation in the S type binary systems. According to
the binary survey of the solar neighborhood(Duquennoy
& Mayor 1991; Raghavan et al. 2010), we set typical
binary configurations with the primary star having a
mass of solar mass, i.e., MA = 1M, the binary mass
ratio MB/MA = 0.4 and the orbit eccentricity being
fixed as eB = 0.4. We vary the binary semimajor axis (
aB ∼ 20 − 1000 AU) and the binary orbital inclination
(iB ∼ 0 − 180◦ with respect to the initial plane of the
planetary embryo disk) to investigate their effects on the
final architecture of the planetary system.
For the initial protoplanetary disk, following Kokubo
et al. (2006), we assume a power law solid surface
density profile, i.e.,
Σ = Σ1(
a
1AU
)
−3/2
g/cm2, (1)
where Σ1 is the reference surface density at 1AU. We
further assume a chain of planetary embryos have ac-
creted all the solid materials in the disk and reached
their isolation masses (Kokubo et al. 2006),
Miso ' 0.16( b
10
)3/2(
Σ1
10
)3/2(
a
1AU
)(3/4)M⊕, (2)
where b measures the mutual orbital separations of these
embryos in their mutual Hill radius and M⊕ is the Earth
mass. In this paper, we adopt b = 10 and Σ1 = 10, rep-
resenting an initial disk similar to the Minimum Mass of
Solar Nebula (MMSN), which ends up with 22 embryos
between 0.5 and 2.0 AU from the primary star. The total
mass of these embryos is Mtot ∼ 3.6M⊕. In our simula-
tions, the bulk densities of embryos are ρ = 3g/cm3, and
the initial eccentricities (e) and inclinations (i) of em-
bryos are given by the Rayleigh distribution with disper-
sion < e2 >1/2= 2 < i2 >1/2= 0.01(Σ1/10)
1/2 (Kokubo
et al. 2006). The remaining angular orbital elements of
all bodies are randomly generated in a range from 0 to
360◦.
Note that, above initial conditions for planetary em-
bryos are only well justified in single star systems
(Kokubo et al. 2006). In fact, the initial condition
in binary system is poorly known and it is out of the
scope of this paper. Nevertheless, setting the initial
condition the same as in single systems would make
it straightforward to compare the results of different
simulations and identify the effects of binary stars (as
compared to single stars) on planet formation.
We performed simulations using the N-body code
MERCURY (Chambers 1999). In the majority of our
simulations, we adopted the WB (Wide Binary) algo-
rithm, a modified symplectic integrator, intended for
close encounters among embryo bodies in the S type
binary systems (Chambers et al. 2002). For compari-
son, the simulations without the presence of the stellar
companion are also performed, in which the HYBRID
algorithm was used. The duration of integration is set
up to 100 million years (≈ 3 × 108 period of the in-
nermost embryo orbit Pin), and the time step is 7 days.
Due to the chaotic nature of N-body simulation, for each
pair of parameters (aB and iB), we performed 10 sim-
ulations with other angular orbital elements randomly
drawn in a range from 0 to 360◦ to access the statistics
of the results. For the specific case shown in Figures 2
and 3, the argument of pericenter, the longitude of the
ascending node and the mean anomaly are 354◦, 128◦
and 26◦ respecttively. Figure 1 shows two snapshots
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Figure 2. Snapshots of the embryos for a typical case of aB = 80 AU, iB = 60
◦ at different time T (yr), illustrating the growth
of embryos and evolution of their orbital elements, including orbital eccentricities e, orbital inclinations (i) with respect to the
initial protoplanetary disk plane and inclinations (ip−B) relative to the binary orbital plane. Note the sizes of the circles are
scaled to the masses of the embryos and the colors are used to distinguish different embryos, which are corresponding to the
colors in Figure 3.
of an animation, illustrating the initial setup and final
state of a typical simulation. In addition, we also per-
formed a set of simulation using the Bulirsch-Stoer (BS)
algorithm to cross-check the results (See appendix).
In all of our simulations, we ignored the effect of gen-
eral relativity (GR), which could cause orbital precession
and potentially suppress the dynamical pumping, e.g.,
binary Kozai effect. For the typical planet formation site
at ap = 1 AU as considered in this paper, the GR pre-
cession timescale is ∼ 3.3× 107 yr corresponding to the
Kozai timescale at aB ∼ 300 AU. Therefore, we expect
that GR will suppress the binary secular perturbation
for wide binaries but will not have large impact on the
orbital alignment effect as shown below, which is most
significant in cases of intermediate binary separations,
i.e., aB=40-200 AU.
3. RESULTS
3.1. An Orbital Alignment Effect
We take the case of aB = 80 AU, iB = 60
◦ as an ex-
ample (same as in Fig.1) and plot Figure 2 and Figure 3
to have a scrutinous inspection of the simulation. Figure
2 shows the snapshots of embryos in the distributions of
orbital eccentricities (e), inclinations (i, with respect to
the initial orbital plane, i.e., the equator plane of the
primary star) and inclinations relative to the binary or-
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Figure 3. Tracks of embryos for a typical case of aB = 80 AU, iB = 60
◦, showing the evolutions of the planet masses (Mp) and
orbital elements, including the semi-major axes (a), orbital eccentricities (e), longitude of ascending nodes (Ω), inclinations (i)
relative to the initial proto-planetary disk plane, inclinations (ip−B) relative to the binary orbital plane, iwm (mass-weighted of
ip−B) and id−B (inclination between the planetary disk as a whole and the binary orbital plane, i.e., the angle between the disk
angular momentum and the binary orbital angular monentum). This is the same simulation case as plotted in Figure 2 and the
colors used here are corresponding to the circles in Figure 2. The orange and blue circles (see also in Figure 2) highlight the two
planets formed at the end of simulation. The dashed horizontal lines denote the orbital inclination (iB = 60
◦) and longitude of
ascending node (ΩB ∼ 120◦) of the binary orbit with respect to the initial proto-planetary disk. As can be seen, the planets’
orbits tend to be aligned with the binary orbit, i.e., i ∼ iB and Ω ∼ ΩB or ip−B ∼ 0 and id−B ∼ 0.
.
bital plane (ip−B). Figure 3 shows the evolutions of a
(semi-major axis), e, ip−B , i, Ω (longitude of orbital as-
cending node), iwm (mass weighted mean of ip−B) and
id−B (inclination between the total planetary disk angu-
lar momentum and the binary orbital angular momen-
tum).
As can be seen in Figure 2 and Figure 3, all the plan-
etary embryos were initially in the protoplanetary disk
with nearly circular and coplanar orbits. If we further
assume that the rotation of the primary star was ini-
tially aligned with the protoplanetary disk, then the
obliquities of embryos were equal to their orbital incli-
nations. As the system evolved, the orbits of embryos
became chaotic under the perturbations of the binary
star and their self-gravity. They were pumped to orbits
with large eccentricities and inclinations. The orbital-
crossing embryos collided and grew bigger. At the end
of simulation, two planets were formed. Interestingly,
although the orbits of the two final planets became mis-
aligned with respect to the initial orbital plane (thus
large obliquities), they were nearly aligned with respect
to the binary orbital plane. In the follows, we present
our explanation to physically understand such an orbital
alignment effect.
The above orbital evolution is composed of two key
processes, i.e., a dynamically pumping process and a dy-
namically damping process. In the dynamically pump-
ing process, embryos’ orbital eccentricities were pumped
up due to the combination of binary perturbations, e.g.,
via Kozai mechanism (Wu & Murray 2003; Fabrycky
& Tremaine 2007) and their self-gravitational perturba-
tions. Moreover, the binary secular perturbation caused
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Figure 4. Orbital (anti-)alignment effect, quantified by the
statistic ip−B , and its dependence on binary orbital param-
eters, i.e., aB and iB . Each ip−B shown here is the average
final orbital inclination (with respect to the binary orbital
plane) of 10 simulations for each pair of aB and iB . The
orbital (anti-)alignment effect is most significant for inter-
mediate separation binaries (aB ∼40-200 AU). For wider bi-
naries (aB ≥200 AU), the binary perturbation is weaker and
the self-gravity keep the planetary embryos as a rigid disk
precessing with an invariable ip−B .
orbital differential precession (due to differential preces-
sion rates of embryos with different orbital semi-major
axes) of the planetary embryos, which randomized their
orbital orientations. A direct outcome of orbital differ-
ential precession is that the planetary disk as a whole
will be on average aligned with the binary orbital plane,
though individual planetary embryos still being highly
misaligned. This dynamically pumping process can be
mostly seen in the first two million years of the dynam-
ical evolution as shown in Figure 3. At t ∼ 2 × 106
yr, embryos were pumped up to large eccentricities (e)
and their orbits were randomized with a large range of
inclinations (i) and orientations (Ω), leading to align-
ment between the planetary disk and the binary orbit
(id−B ∼ 0).
The dynamically pumping process was companioned
by a dynamically damping process. Once the eccentrici-
ties were pumped up, orbital crossing then enhanced the
rates of close encounters, which would damp the orbital
inclinations via the so-called dynamical friction effect
(O’Brien et al. 2006) or direct collisions. This damping
effect can be clearly seen in the bottom right panel of
Figure 3; the mass weighted inclination, iwm, reduced
from ∼ 60◦ to ∼ 5◦. Note the damping process did not
directly damp ip−B or iwm but the mutual orbital incli-
nations of embryos. In order to damp ip−B or iwm, the
mid-plane of the embryo disk should be aligned with the
binary orbital plane, which was realized by the orbital
differential precession in the dynamically pumping pro-
cess. It worth noting that collisions were roughly treated
as perfectly inelastic in all the simulations. In reality,
relative velocities of embryos would be rather high due to
binary perturbations, and real collisions would cause lots
of fragments. Nevertheless, including fragments would
be likely to enhance orbital damping thus reinforce the
orbital alignment via dynamical friction.
In the appendix, we performed more simulations (Fig.
6–9) by isolating various factors, i.e., collision and self-
gravity, which separated the pumping and damping pro-
cesses and helped us understand the dynamics of the
orbital alignment effect.
3.2. Parameter Dependencies
We find that the above orbital alignment effect de-
pends on the binary orbital parameters. In Figure 4,
we plot the mean orbital inclination (ip−B) between the
finally formed planets and the binary star for different
initial aB and iB . We see that distributions of the fi-
nal ip−B are approximately symmetrical with respect to
iB = 90
◦, which is expected from the theory of secu-
lar dynamics. As long as the initial binary orbit is not
extremely inclined (iB ∼ 80◦–100◦), the orbital align-
ment (actually it is anti-alignment if iB > 90
◦) effect is
mostly significant in binaries with intermediate separa-
tions (aB ∼ 40–200 AU). The degree of (anti-)alignment
is nearly independent of iB and achieves to an deviation
as small as ∼ 10◦–20◦ from the binary orbital plane.
Binaries with extremely inclined orbits (iB ∼ 80◦–
100◦) or relatively small separations (e.g., aB < 40 AU),
induced too strong perturbations, under which most
planetary embryos were over-pumped to extremely ec-
centric orbits and lost by colliding with the central star.
Thus the damping via dynamical friction and collision
was inefficient afterwards and the orbital alignment ef-
fect is not significant as shown in Figure. 4. At the other
end, for binaries with very wide separations (aB > 200
AU), the secular perturbation from the binary stars is
weaker than the secular perturbations induced by the
mutual gravity of embryos. In such a case, orbital dif-
ferential precession via secular perturbation was largely
quenched, and the embryos maintained the initial incli-
nation relative to the binary (i.e., ip−B = iB as in Fig. 4)
and precessed as a rigid disk (Takeda et al. 2008).
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Figure 5. Similar to Figure 4, but showing other statistics
and their dependences on binary orbital parameters, i.e., aB
and iB . The definitions and values of these statistics are
presented in Table 1.
In the appendix, we performed more simulations (Fig.
10 and Fig. 11) to show how the orbital alignment effect
is not significant in very close/wide binaries.
3.3. Other Effects: e.g., Binary Aids Planet Growth
Besides the orbital alignment effect, we can obtain
more insights into how binary stars affect planet forma-
tion by studying more statistics. These statistics are
listed in Table 1 and plotted in Figure 5. For compari-
son, we also performed a set of “single” simulations, in
which the companion star was removed and only a single
star left in the system as in our solar system. The results
of the “single” simulations are also shown in Figure 5.
From bottom to top, we describe and analyze each panel
in the follows. Cross-analyzing different panels improves
our understanding of the results as a whole.
In the Lz–aB panel, the Z-component of angular mo-
mentum per unit mass, Lz, generally conserves in the
cases of close (aB < 40 AU) and wide (aB > 200 AU)
binaries but it is significantly enhanced in binaries with
intermediate separations. This is in line with the orbital
alignment effect shown in Figure 4.
In the imul–aB and e–aB panels, there is a general
trend that imul (average mutual orbital inclination of
remaining planets) and e increase for binaries with more
inclined and closer orbits. Nevertheless, there seems a
plateau in the middle of the global trend, i.e., imul and
e maintain moderate for intermediately separated bina-
ries. This is in line with the efficient collisional damping
of the orbital alignment effect.
In the i–aB panel, it shows i ∼ iB for aB < 200 AU
due to the orbital alignment effect. For wider binaries
with aB > 200 AU, the orbital alignment effect is in-
efficient due to the weak secular perturbation from the
binary, and thus the embryos precess as a rigid disk with
i oscillating in a range from 0 to 2iB . Since the oscilla-
tion time scale increases rapidly with aB , most i in wide
binaries (aB > 200 AU ) are still in their low phases at
the end of simulations.
In the Mmax–aB panel, it shows that the maximum
mass of a planet finally formed in binaries can be even
larger than that in the single star system. This is most
significant for those binaries with intermediate separa-
tions and moderate inclinations. For example, in a bi-
nary with aB = 100 AU and iB = 30
◦, the mean maxi-
mum mass Mmax ∼ 2.2M⊕, which is about 60% higher
than that in the single star system. The explanation is
similar to the orbital alignment effect as shown in Fig-
ure 4, that moderate perturbations can enhance collision
rate and thus boost planet formation.
In theNp–aB panel, it shows that the numbers of plan-
ets formed in binaries are always smaller than that in
the single star system. There are two reasons for this re-
sult. First, moderate binary perturbations can enhance
collision, leading to fewer but bigger planets formed in
the system. This is clearly seen in binaries with interme-
diate separations and moderate inclinations. The other
reason is that binary perturbations cause significant em-
bryo loss, leading to fewer and smaller planets left in the
system. This is dominant for binaries with very small
separations and/or extremely high inclinations.
In the Mr–aB panel, it shows that the remaining
mass fraction at the end of simulation, Mr, is gener-
ally smaller for binaries with smaller separations and/or
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larger inclinations. Systems with lower Mr under-
went more embryo-loss, and thus had less damping and
growth by collisions.
4. SUMMARY AND DISCUSSION
In this paper, we investigate the late stage of terres-
trial planet formation starting from a chain of plane-
tary embryos in binary systems of various binary separa-
tions (aB=20−1000 AU) and orbital inclinations (iB =
0−180◦). We identify an orbital (anti-)alignment effect,
namely a highly inclined configuration between embryos’
orbits and the binary orbit could eventually evolve to be
nearly coplanar. Such an orbital (anti-)alignment effect
is mostly significant for binaries with intermediate sep-
arations. For terrestrial planet formation taking place
around 1 AU as studied here, the intermediate binary
separation corresponds to aB ∼ 40−200 AU. It is wor-
thy noting that such an orbital (anti-)alignment effect is
to (anti-)align the planetary orbital plane with respect
to the binary orbital plane, which misaligns the plane-
tary orbital plane with respect to the stellar spin axis.
As shown in Figure 5, such a by-product misalignment
leads to an obliquity of Ψ ∼ iB .
The orbital alignment effect identified in this paper
resembles the orbital alignment as mentioned in the in-
troduction (Lubow & Ogilvie 2000; Bate et al. 2000;
Fu et al. 2015; Zanazzi & Lai 2017b), though they are
not exactly the same. The latter operates for a gaseous
disk and the former for a gas free disk. Nevertheless,
both alignments could be treated as the outcome of dis-
sipation associated with disk warp/twist. In the latter
case, the dissipation is mainly from gas viscosity and
disk warp is due to the binary torque. While in the for-
mer case, the dissipation is from dynamical friction and
collision, and the warp of embryo disk is due to the or-
bital differential precession caused by the binary secular
perturbation. Systems which fails to be aligned during
gas disk phase could still have chances to be aligned after
the gas disk dissipates.
Stellar binaries have been invoked in some other mech-
anisms to explained the large obliquities observed in ex-
oplanets. For examples, a highly inclined binary can
lead to large planetary obliquities via Kozai mechanism
(Wu & Murray 2003; Fabrycky & Tremaine 2007) or
by tilting the protoplanetary disk (Batygin 2012). In
those mechanisms, it was expected that the planetary
orbits with large obliquities are misaligned with respect
to the binary orbital plane. However, our results sug-
gest that such an expectation is not always necessary.
At least in some circumstance as shown in this paper, a
highly inclined binary, which misaligned the planetary
orbits with respect to the primary rotation axis (i.e.,
causing large obliquity), could simultaneously align the
planetary orbits with respect to the binary orbit. Future
observations (e.g., GAIA and its synergy with radial ve-
locity and transit observations), which can resolve 3-D
orbital motion, will test the orbital (anti-)alignment ef-
fect identified in this work.
The orbital (anti-)alignment effect is symmetrical with
respect to iB = 90
◦ (Fig 4). Systems with initial
iB > 90
◦ tend to end up with anti-aligned orbital con-
figurations. Recent studies have revealed that some
planets are probably on coplanar retrograde orbits in
binary systems, e.g., HD 59686 (Trifonov et al. 2018).
The mechanism studied in this paper provides a possible
channel to understand the formation of such interesting
planetary systems. Nevertheless, HD 59686 is a close bi-
nary system (aB = 13.6 AU) with a giant gaseous planet
(Ortiz et al. 2016), while this paper focuses on terrestrial
planets. Whether and how the mechanism can apply to
such a system is a problem that deserves a future study
with specific consideration.
Besides the orbital (anti-)alignment effect, we also find
that a binary stellar environment is not always negative
to planet formation. Both observations (Wang et al.
2014; Kraus et al. 2016) and simulations (Quintana et
al. 2007) have shown that close binaries (i.e., aB < 20
AU) may suppress planet formation. Nevertheless the
situation could be reversed in binaries with intermediate
separations, i.e., aB ∼ 40−200 AU. Indeed, we find that
planets can grow up to be significantly more massive
(though fewer in numbers) in such intermediate separa-
tion binaries as compared to those formed in single star
systems. The on-going TESS mission will detect thou-
sands of planets which are close enough to measure their
masses via radial velocity observation, thus providing an
opportunity to test this positive binary effect.
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APPENDIX
A. RESULTS WITH BULIRSCH-STOER (BS) ALGORITHM
We performed more simulations using the Bulirsch-Stoer (BS) algorithm in MERCURY. These additional simulations
confirm our main result, i.e., the orbital alignment effect in intermediate separated binaries and provide more insights
into this effect
(1) Effect of integration algorithm. We performed the same simulation as the standard case in section 3.1, but
replaced the Wide-Binary (WB) algorithm with the Bulirsch-Stoer (BS) algorithm. The result is plotted in Figure 6.
In this case, there are three embryos left at the end of simulation, i.e., T = 108 yr, with mean inclination iwm ∼ 15◦,
which is similar to the state of the standard case at T ∼ 6 × 107 yr in Figure 3. Nevertheless, in the standard case,
two of the embryos collided afterwards and the system was further damped to iwm ∼ 5◦. From this comparison, we
see that both the simulations essentially gave the same orbital alignment effect. The difference is in final degree of
such an alignment, which is likely due to the simulation time limit, i.e., T = 108 yr. It is possible that the system in
the case here (Fig.6) will have one more collision and evolve to a more aligned state with a smaller iwm value after
T = 108 yr.
In this case, we also plot in Figure 7 the number of close encounters (Nce), number of collisions (Ncol) and the total
orbital energy of embryos (E) as a function of time. We see that most collisions and close encounters occurred during
T ∼ 106−107 yr with significant changes in the total orbital energy, which is in line with the iwm damping as shown in
Figure 6. Note, there were two kinds of collisions, i.e., embryo-embryo collision and embryo-star collision. The former
reduced the total orbital energy and the latter increased the total orbital energy. There were several early collisions
among embryos with similar orbits (before T = 106 yr when embryos’ orbit had not been severely excited) and thus
caused slight change in the energy (not visible in Fig. 7).
(2) Effect of collision. We performed the same simulation as above but turned off embryos’ mutual collisions by
artificially setting their radii close to zero. The results are plotted in Figure 8. As can be seen, turning off collision
slightly reduced the degree of orbital damping. At the end of simulation, there were 8 embryos left with iwm ∼ 22◦ a
bit larger than that in the Figure 6. This indicates the major damping source is not collision but dynamical friction
via self-gravity. In addition, the alignment between the whole disk and the binary (id−B ∼ 0) was not affected by
collision.
(3) Effect of self-gravity. We further turned off embryos’ self-gravity by setting them as test particles. The results
are shown in Figure 9. The systems were dominated by binary secular perturbations. The Kozai cycle can be clearly
seen from the evolutions of e and ip−B . The orbital differential precession can be clearly seen from the evolution of
Ω and i, which caused alignment between the embryo disk and the binary orbit, i.e., id−B ∼ 0 in less than 106 yr.
However, the disk was still very “thick” or dynamically hot with iwm = 60
◦, since all the damping sources (collision
and dynamical friction) were not taken into account.
Based on above simulations, we learn that the orbital alignment effect requires two crucial processes. One is a
dynamically pumping process with orbital differential precession, which reduces id−B . The other is a dynamically
damping process due to dynamical friction and/or collision, which reduces iwm.
(4) Effect of binary separation.We first consider a much closer binary. We performed the same simulation as in Figure
6, but set aB = 20 AU. The results are plotted in Figure 10. As can be seen, id−B reduced toward zero within ∼ 104
yr and then fluctuate afterwards. The quick reduction of id−B is due to the shorter timescale of binary perturbation
with a closer binary separation. As most embryos were quickly lost (collided with the primary star) due to strong
binary perturbation, the damping became inefficient as can be seen from the slight decrease in iwm. Finally, id−B and
iwm converge because only one embryo left in the system.
We then consider a much wider binary. We performed the same simulation as in Figure 6, but set aB = 400 AU. The
results are plotted in Figure 11. As can be seen, the dynamical pumping was much weaker due to the wider binary
separation. And thus orbital differential precession was largely quenched by embryos’ self-gravity. Embryos evolved
like a rigid disk as can be seen from their evolutions of Ω and i, and there was no orbital alignment effect; id−B still
maintained large values.
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Based on above simulations, we learn that the orbital alignment effect is most significant in cases of intermediate
binary separation (as shown in Figure 4) because both orbital differential precession and orbital damping are efficient
in such cases.
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Figure 6. Similar to Figure 3 but using the Bulirsch-Stoer (BS) algorithm instead of the Wide-Binary (WB) algorithm.
Figure 7. Number of close encounters (Nce), number of collisions (Ncol) and total orbital energy of embryos (E, normalized by
the absolute value of the initial energy) as a function of time in the simulation of Figure 6. Note that the energy change before
∼ 106 is too small to be visible in the figure.
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Figure 8. Similar to Figure 6 but turning off embryos’ mutual collision by set setting the radii of all embryos as close to zero
(note, the embryos can still interact with each other via mutual gravity and may collide with the central star in this case).
Figure 9. Similar to Figure 6 but turning off embryos’ mutual collision and their self-gravity by set setting them as test
particles with zero radii and zero masses.
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Figure 10. Similar to Figure 6 but setting aB = 20 AU instead of aB = 80 AU.
Figure 11. Similar to Figure 6 but setting aB = 400 AU instead of aB = 80 AU.
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Table 1. Statistics1 at the End of Simulations (T = 108 yr).
Case2 ip−B3 Mr4 Np5 Mmax6 e7 i8 imul9 Lz10
i0− a20 4.49 0.93 3.2 1.64 0.12 4.49 6.42 0.96
i0− a40 7.04 1.00 3.6 1.87 0.18 7.04 8.68 0.98
i0− a60 5.54 1.00 4.2 1.46 0.15 5.54 8.41 1.00
i0− a80 6.50 1.00 4.4 1.64 0.17 6.50 9.86 0.99
i0− a100 8.30 1.00 4.8 1.64 0.16 8.30 12.69 1.00
i0− a150 9.53 1.00 4.2 1.69 0.17 9.53 14.21 1.00
i0− a200 7.13 0.99 4.2 1.80 0.13 7.13 11.51 1.00
i0− a400 4.94 0.99 4.1 1.46 0.13 4.94 8.34 1.00
i0− a600 7.78 1.00 4.8 1.58 0.14 7.78 12.38 1.00
i0− a800 7.26 1.00 4.4 1.66 0.16 7.26 11.77 1.00
i0− a1000 6.26 1.00 4.7 1.69 0.14 6.26 10.32 1.00
i30− a20 14.87 0.86 4.8 1.46 0.26 35.55 22.55 0.98
i30− a40 12.41 0.86 4.7 1.57 0.24 30.97 18.18 1.07
i30− a60 11.82 0.82 3.6 1.83 0.27 32.67 19.03 1.10
i30− a80 12.25 0.89 3.9 2.01 0.28 33.98 16.50 1.05
i30− a100 15.57 0.90 3.0 2.18 0.21 34.29 20.82 1.03
i30− a150 24.25 0.93 3.2 1.83 0.22 39.67 22.54 1.03
i30− a200 26.14 0.96 4.1 1.78 0.27 44.72 21.37 1.03
i30− a400 29.65 1.00 4.4 1.63 0.14 12.31 10.15 1.00
i30− a600 30.48 1.00 4.5 1.50 0.13 45.76 9.97 1.00
i30− a800 29.44 1.00 4.5 1.37 0.12 20.47 8.52 1.00
i30− a1000 30.39 1.00 4.5 1.42 0.12 12.40 10.53 1.00
i45− a20 17.77 0.42 2.3 1.10 0.22 45.67 20.39 1.08
i45− a40 16.99 0.59 3.9 1.10 0.31 48.13 25.52 1.32
i45− a60 13.83 0.59 3.5 1.15 0.26 45.63 21.89 1.40
i45− a80 12.73 0.68 2.3 1.92 0.28 45.48 18.34 1.19
i45− a100 14.71 0.66 2.4 1.87 0.27 44.87 22.13 1.22
i45− a150 25.11 0.80 2.2 2.32 0.24 60.36 25.71 1.13
i45− a200 31.93 0.89 2.7 1.92 0.33 44.03 30.66 1.07
i45− a400 44.47 1.00 4.5 1.61 0.17 45.52 13.91 1.00
i45− a600 44.64 1.00 4.8 1.41 0.19 57.19 12.77 1.00
i45− a800 45.50 1.00 4.8 1.51 0.14 24.24 10.00 1.00
i45− a1000 45.28 1.00 5.2 1.53 0.16 15.31 13.08 1.00
i60− a20 39.66 0.10 1.2 0.32 0.43 73.67 18.19 1.07
i60− a40 20.41 0.28 2.7 0.54 0.29 57.30 29.31 1.77
Table 1 continued
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Table 1 (continued)
Case2 ip−B3 Mr4 Np5 Mmax6 e7 i8 imul9 Lz10
i60− a60 23.41 0.38 3.4 0.71 0.27 60.16 36.78 1.97
i60− a80 15.72 0.37 2.8 0.72 0.25 62.43 22.59 2.04
i60− a100 17.99 0.39 2.3 1.07 0.27 64.54 24.02 1.88
i60− a150 26.08 0.48 1.3 1.61 0.30 56.73 40.53 1.65
i60− a200 34.54 0.66 1.7 1.99 0.31 69.75 33.31 1.42
i60− a400 59.59 1.00 4.2 1.51 0.19 112.10 13.50 1.00
i60− a600 60.29 1.00 5.0 1.55 0.18 54.51 12.26 1.00
i60− a800 60.58 1.00 4.4 1.49 0.13 21.33 9.60 1.00
i60− a1000 60.09 0.99 4.8 1.68 0.15 14.13 13.77 1.00
i80− a20 NA 0.00 0.0 NA NA NA NA NA
i80− a40 64.70 0.07 1.0 0.24 0.42 83.92 NA 2.69
i80− a60 50.35 0.08 1.1 0.25 0.58 83.54 113.38 3.38
i80− a80 43.64 0.08 1.0 0.28 0.48 82.23 NA 3.76
i80− a100 42.76 0.15 1.0 0.53 0.62 81.88 NA 3.39
i80− a150 48.04 0.27 1.0 0.98 0.61 66.09 NA 3.23
i80− a200 35.74 0.21 1.0 0.74 0.60 88.38 NA 4.82
i80− a400 80.35 1.00 4.5 1.66 0.18 68.67 13.85 1.00
i80− a600 79.98 1.00 5.0 1.41 0.12 20.22 9.60 1.00
i80− a800 79.90 0.99 5.2 1.51 0.18 11.69 12.60 1.00
i80− a1000 78.76 1.00 4.4 1.67 0.15 8.80 12.54 1.00
i100− a20 NA 0.00 0.0 NA NA NA NA NA
i100− a40 118.02 0.06 1.0 0.20 0.48 81.16 NA 2.30
i100− a60 130.70 0.08 1.0 0.27 0.50 88.81 NA 3.81
i100− a80 141.12 0.09 1.0 0.31 0.52 92.79 NA 3.42
i100− a100 132.46 0.14 1.0 0.49 0.49 59.74 NA 3.38
i100− a150 129.50 0.26 1.1 0.89 0.61 75.88 10.60 3.11
i100− a200 122.31 0.40 1.0 1.43 0.56 109.82 NA 2.65
i100− a400 98.77 0.99 4.5 1.59 0.22 74.46 17.49 1.00
i100− a600 100.01 1.00 4.5 1.70 0.19 24.39 16.78 1.00
i100− a800 99.50 1.00 4.7 1.62 0.14 11.82 12.27 1.00
i100− a1000 99.86 1.00 4.8 1.46 0.15 8.96 11.82 1.00
i120− a20 140.71 0.09 1.2 0.28 0.49 47.05 47.60 1.00
i120− a40 154.60 0.28 2.6 0.59 0.33 61.69 37.31 1.74
i120− a60 157.34 0.38 3.9 0.60 0.32 63.03 27.05 2.00
i120− a80 159.48 0.36 3.1 0.73 0.35 57.57 25.09 1.96
i120− a100 161.04 0.46 1.7 1.38 0.23 62.64 25.03 1.64
i120− a150 150.01 0.54 1.3 1.82 0.25 66.18 30.98 1.59
i120− a200 138.50 0.73 1.9 2.09 0.44 42.60 31.00 1.25
Table 1 continued
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Table 1 (continued)
Case2 ip−B3 Mr4 Np5 Mmax6 e7 i8 imul9 Lz10
i120− a400 119.87 1.00 4.5 1.53 0.16 115.21 11.59 1.00
i120− a600 118.95 1.00 4.5 1.54 0.15 51.13 12.15 1.00
i120− a800 119.17 1.00 4.5 1.66 0.14 23.46 12.16 1.00
i120− a1000 120.01 1.00 4.0 1.76 0.13 13.28 11.66 1.00
i135− a20 156.33 0.46 2.7 1.08 0.23 51.31 37.95 1.06
i135− a40 162.29 0.63 3.3 1.38 0.27 45.47 27.37 1.28
i135− a60 164.77 0.61 3.8 1.16 0.30 45.40 21.41 1.38
i135− a80 160.45 0.64 2.8 1.58 0.31 46.62 27.70 1.25
i135− a100 165.24 0.63 2.1 1.80 0.23 45.19 24.52 1.25
i135− a150 159.25 0.78 2.2 2.13 0.25 49.84 22.59 1.18
i135− a200 149.76 0.86 2.5 2.10 0.28 47.52 21.50 1.10
i135− a400 134.89 1.00 4.1 1.76 0.14 46.72 8.76 1.00
i135− a600 134.63 1.00 5.3 1.45 0.16 59.79 13.46 1.00
i135− a800 134.83 0.99 3.8 1.80 0.13 25.70 10.53 1.01
i135− a1000 134.22 1.00 4.5 1.47 0.11 13.63 9.53 1.00
i150− a20 164.96 0.86 4.6 1.58 0.20 33.36 21.17 1.00
i150− a40 170.34 0.87 4.0 1.63 0.23 30.13 13.41 1.07
i150− a60 167.56 0.83 3.3 2.04 0.23 31.42 18.76 1.08
i150− a80 165.97 0.88 3.6 2.05 0.21 33.46 21.59 1.06
i150− a100 162.77 0.91 3.7 2.27 0.26 35.51 24.30 1.05
i150− a150 159.10 0.95 3.8 2.24 0.35 34.05 25.95 1.01
i150− a200 157.30 0.98 3.8 2.02 0.33 39.03 28.89 1.01
i150− a400 149.88 1.00 4.2 1.39 0.11 16.59 9.21 1.00
i150− a600 149.28 1.00 4.4 1.49 0.17 49.32 11.90 1.00
i150− a800 148.73 1.00 4.5 1.61 0.13 23.40 14.30 1.00
i150− a1000 147.52 1.00 5.3 1.57 0.14 14.15 11.81 1.00
single NA 1.00 5.9 1.38 0.17 8.18 13.03 NA
1These values are average on 10 realizations
2Code, iX − aY , indicates the simulation case with initial binary inclination iB = X
deg, and binary separation aB = Y AU.
3The average inclination relative to the binary orbital plane (in deg).
4The fraction of the remaining planetary mass.
5The number of remaining planets/embryos.
6The mass of the largest planet (in M⊕).
7The average eccentricity.
8The average inclination with respect to the initial proto-planetary disk plane (in deg).
9The average mutual orbital inclination of remaining planets (in deg).
10The Z-component (perpendicular to the binary orbital plane) of angular momentum
per unit mass (normalized by the initial value Lz0).
